Objective: Osteophytes are non-neoplastic osteo-cartilaginous protrusions growing at the margins of osteoarthritic joints. They can not only be considered as in situ repair tissue, but also represent an excellent in vivo model for induced cartilage repair processes. Our focus was to identify different steps of osteophyte development via analysis of expression patterns of marker genes of chondrocytic differentiation.
Introduction
Osteophytes are osteo-cartilaginous metaplastic tissues forming mostly at the margins of osteoarthritic joints. Osteophytes derive from precursor cells within periosteal or synovial tissue and often merge with or overgrow the original articular cartilage. In this process, mesenchymal stem cells differentiate into chondrocytes. Thus, the analysis of osteophyte development gives a vivid insight into the different steps of chondroneogenesis in the adult.
Chondrocyte differentiation is well investigated in the fetal epiphysis [1] [2] [3] . However, only few reports exist about osteophyte development [4] [5] [6] [7] [8] , though this represents an interesting object to pursue chondrogenesis in the adult. Osteophytes could be considered as endogenous repair attempts in degenerating joints and might be a physiological response to mechanical overloading by increasing the articulating joint surface thus having a supportive function. However, they are mainly found in non-weight bearing areas and their mechanical stability and biological benefit are questionable 5, 6, 8 . Even if their physiological effect within the joints is doubtful, their chondrogenic potential is of high interest, especially having exogenous repair strategies in various joint diseases in mind. The analysis of the structural composition of the newly formed matrix by immunohistochemistry and the gene expression pattern by in situ hybridization enables definition of different steps in chondrogenesis. The question, whether secondary cartilage formed in old-aged people can be compared with the high-quality hyaline articular cartilage is also in particular relevant for all efforts using secondary cartilaginous repair tissue to treat cartilage defects.
So far, no study has systematically looked at different stages of osteophyte development and the presence and expression of major cartilage matrix proteins other than Col2 and Col2A 4, 9 . In this study, we identified and classified different stages of osteophyte formation and evaluated whether chondrocytic cells in osteophytes do express major cartilage matrix components, which represent over 90% of the dry weight of articular cartilage matrix. Additionally, markers for specific chondrocytic differentiation steps such as Col2A (chondroprogenitor) 10 , Col1 (dedifferentiated phenotype) 11, 12 , and Col10 (hypertrophic phenotype) 1, 13 were investigated.
Material and methods

TISSUE PREPARATION
The study was performed on a series of 14 specimens from individuals undergoing endoprosthetic operation due to severe osteoarthritis (OA) of their hip or knee joints. The age of the donors ranged from 63 to 87 years.
Tissue samples were fixed with 4% paraformaldehyde immediately after operation, decalcified in 0.3 M EDTA (pH 7.5), dehydrated, cleared in xylene, and embedded in paraffin wax. 3 to 5 m sections were cut and stored at room temperature until use.
HISTOMORPHOLOGY AND HISTOCHEMISTRY
From all slices HE and toluidine blue stainings were performed in order to evaluate matrix abundance, cellularity, and the content of glycosaminoglycans (GAGs).
IMMUNOHISTOCHEMISTRY
Deparaffinized sections were enzymatically pretreated (Table I) , incubated with primary antibodies (Table I) overnight at 4°C and visualized using a streptavidinbiotin-complex technique (Biogenex, San Ramon, CA, U.S.A.: Super Sensitive Immunodetection System for mouse or rabbit primary antibodies) with alkaline phosphatase (as detection enzyme) and 3-hydroxy-2-naphtylacid 2,4-dimethylanilid (as substrate). Alternatively, peroxidase-labeling was performed (S-100 protein) with diaminobenzydine as color substrate. Nuclei were counterstained with hematoxylin.
As negative control for immunohistochemical stainings, the primary antibody was replaced by non-immune mouse or rabbit serum (BioGenex; San Ramon, CA, U.S.A.) or Tris-buffered saline (pH 7.2). No signal was obtained in any sample investigated [ Fig. 3(r) ,(s)].
PREPARATION OF RNA PROBES
For specific RNA probes suitable fragments of human collagen chains 1 (I), 1 (II), 3 (VI), 1 (XI), as well as aggrecan core protein mRNA were selected 14 . The constructs were linearized and transcribed in vitro using T7 and SP6 RNA-polymerase (both Promega) to generate antisense and sense transcripts respectively. The RNA-probes for 1 (II), 1 (XI), as well as aggrecan core protein were labeled with 150 Ci ( 35 S)-UTP (1200 Ci/mmol, New England Nuclear (NEN), Dreireich, FRG) to a specific activity of up to 1,2×10 9 cpm/ g and unincorporated nucleotides were separated by ethanol precipitation.
Alternatively, transcripts for 1 (I) and 3 (VI) were labeled with digoxigenin-UTP (Boehringer Mannheim, FRG).
IN SITU HYBRIDIZATION
In situ hybridization was performed as described in detail elsewhere 15, 16 . Briefly: deparaffinized sections were digested with proteinase K, post-fixed, acetylated, and dehydrated. The sections were hybridized overnight at 43°C in hybridization buffer (50% formamide, 10% dextran sulfate, 20 mM DTT, 1 mg/ml t-RNA, 300 mM NaCl, 10 mM Tris-HCl (pH 7,4), 10 mM NaH 2 PO 4 (pH 6,4), 5 mM EDTA, 0.02% Ficoll 400, 0.02% polyvinylpyrrolidon, and 0.02% bovine serum albumin). After hybridization the tissue sections were washed 40°C 2×SSC, treated with RNAses A and T 1 , washed again for 2 h at 45°C in 2×SSC/50% formamide. Autoradiography was performed (Kodak NTB-2 nuclear track emulsion) for 3 ( 1 (I), 1 (II), 1 (X)) or 21 days ( 1 (XI), aggrecan core protein). Sections counterstained in 5% Giemsa dye.
Digoxigenin-labeled riboprobes ( 1 (I), 3 (VI)) were processed as described above and developed according to the manufacturers protocol (Boehringer Mannheim, FRG).
PROBE SPECIFICITY AND CONTROL EXPERIMENTS
The clearly distinct distribution patterns of the investigated probes in fetal growth plate cartilage were used 17 to ascertain the specificity of the probes.
Sense transcripts as well as unrelated cDNA transcripts were used on selected samples for negative control experiments and revealed only background signals.
Results
The development of osteophytes is an ideal object to follow up chondrocyte differentiation in situ. Based on our morphological and molecular analysis we could distinguish four steps or stages of osteophyte formation in osteoarthritic joint tissue though these represent only typical stages in a continuous process and several stages (the most 'advanced' stage as well as 'previous' stages) can be found in one osteophyte indicating a continuity in the temporo-spatial growth pattern (see Fig. 1 ). The results of 
Stage '0'-the origin
The origin, or stage '0', represents periosteal or synovial mesenchymal tissue overlaying the bone in the margins of (all) joints [ Fig. 2(a) ]. This tissue consists of mesenchymal fibroblast-like cells producing a connective tissue consisting mainly of Col1 and Col6 as shown by immunohistochemistry and in situ hybridization. Osteoblasts in the adjacent bone showed mostly no Col1 mRNA expression and were morphologically flat [ Fig. 2(a) ] indicating them to be inactive. The extracellular matrix of this fibrous tissue did not show any signs of cartilage formation: it was negative for GAGs as shown by aggrecan immunohistochemistry and toluidine blue staining [ Fig. 2(f) ]. Typical cartilage marker molecules such as Col2 [ Fig. 3(a) ] and Col10 were not detectable. No S-100 protein was detectable in any of the cells. 
Stage III-early (growing) osteophyte
The early osteophyte (7/14 cases) usually shows a clear zonal pattern of chondrocytic cells [ Fig. 2(d) ]. Regarding the cellular alignment as well as the structural composition of the matrix, this stage shares the highest similarity of all described stages with the fetal growth plate (Fig. 3) . The broad zone of cartilage was characterized by the typical molecular pattern of hyaline cartilage. Aggrecan core protein and Col2 [ Fig. 3(m) ] were strongly expressed and present within the extracellular matrix [ Fig. 2(i) ]. Signals for Col11 mRNAs, an additional marker gene of hyaline cartilage, were distributed in parallel, but at considerable lower expression levels compared to Col2 expression [ Fig. 3(l) ]. Consistent with the hyaline phenotype, Col6 was found in a largely pericellular distribution [ Fig. 2(n) ]. In this stage, cellularity decreased in proportion to the now predominating matrix, and chondrocytes partly showed a columnar alignment correlating best with the proliferating zone of the fetal growth plate. In addition, the deepest cells showed signs of hypertrophic differentiation, which was demonstrated by the expression of Col10 [ Fig. 3(i),(j) ]. Blood vessels invaded from below, the cartilage matrix was calcified, and active (endochondral) bone formation was evidenced by cubical, strongly Col1 mRNA expressing osteoblasts [ Fig. 3(k) ]. S-100 protein was found in the chondrocytic cells, but not in the surface fibrous zone and the osteoblasts.
Stage IV-mature osteophyte
Stage IV (3/14 cases) defines the mature osteophyte with extended ossification in the central core. In contrast to earlier stages, this tissue resembles articular cartilage [ Fig.  2(e); Fig. 1 ) as the superficial fibrous layer was largely lost in most samples. However, compared to articular cartilage with a clear tidemark and an almost linear subchondral bone plate, subchondral bone in mature osteophytes was more irregular and interwoven with Col10 positive hypertrophic cartilage. Residual endochondral ossification coincided with Col1 expression in osteoblasts. Similar to normal articular cartilage, Col6 was localized mainly pericellular [ Fig. 2(o),(p) ] and the abundant hyaline-Col2 [ Fig. 3(n) ] and proteoglycan [Figs 2(j), 3(p),(q)] strongly positiveextracellular matrix largely lacked fibrous matrix components such as Col1 [ Fig. 3(o) ]. Similar to hyaline articular cartilage 18 the cells showed less Col2 expression and a significant amount of aggrecan core mRNA expression reflecting a rather high turnover of aggrecan compared with the rather resident Col2 within mature cartilage tissue.
Discussion
The development of osteophytes is an ideal in vivo model to pursue chondrocyte differentiation from pluripotent mesenchymal cells to mature or hypertrophic chondrocytes in vivo. Morphology-based techniques such as immunohistochemistry and in situ hybridization allow the understanding of growth and differentiation of osteophytic tissue by analysing gene expression pattern and the structural composition of the extracellular matrix. Central for the analysis of osteophytic tissue is a basic understanding of the developmental steps of osteophyte formation. Thus, although it is clear that osteophyte development is a continuous process, four basic steps are suggested defined by the typical phenotype of the predominating tissue. Also the fact that the previous stages are always found more or less extensively in periphery of the metaplastic cartilage tissue clearly argues for a sequential event, though a proof by true kinetic studies is not feasible in the human system: initially mesenchymal progenitor cells derived either from periosteum or synovium initiate chondrogenic differentiation (stage I) with deposition of cartilage matrix components into the pre-existing fibrous matrix. This tissue further develops into fibrocartilage (stage II) composed by both fibrous and cartilaginous matrix components. In early osteophytes (stage III), the deepest cell layer becomes hypertrophic, vascularizes and endochondral ossification is initiated resembling very much the fetal growth plate. Mature osteophytes (stage IV) are characterized by the predominance of a hyaline extracellular matrix with hardly any undifferentiated fibrous tissue left at the surface. Also, bone formation is reduced or stopped. At a first glance, mature osteophytes can, macroscopically and histologically, be easily mixed up with articular cartilage. Indeed, this false interpretation is justified to some degree since this study shows that chondrocytic cells in osteophytes are able to construct an extracellular matrix containing all typical components of hyaline articular cartilage. The tissue distribution also resembles that found in adult articular cartilage with Col6 mainly found in the pericellular area providing the chondrocytic cells with a particular microenvironment 16, 19, 20 confirming type Col6 as a reliable markers for cartilage maturation. Though this study shows that hyaline zones in osteophytes resemble articular cartilage in terms of structural composition, there are, nevertheless, certain differences: the more random cellular arrangement, the lack of a distinct tide mark and no linear subchondral bone plate. However, the proper alignment of the described matrix components on the ultrastructural level, finally obligatory for a cartilage resisting high mechanical forces could not be evaluated by our methodology.
To date, the molecular mechanisms in the development of osteophytes are largely unknown. Mechanical or biochemical stimuli could play a role. Former studies demonstrated that mesenchymal tissue responds to mechanical pressure with cartilage formation 21, 22 . However, most osteophytes do not take part in the articulating process and are subsequently not exposed to major mechanical load. In parallel to cartilage initiation in the forming limb bud in embryogenesis, it is more likely that growth factors/ mediators play a dominant role in the induction and promotion of osteophyte formation. Thus, the exogenous application of TGF-and BMP-2 into knee joints of adult mice leads to significant osteophyte formation 23, 24 . Another factor thought to be of importance for osteophytic growth is IGF-1, as increased levels could be detected in synovial fluid of OA patients 25, 26 and osteophytic chondrocytes strongly express IGF-1 mRNA 27, 28 . There is little knowledge as to whether certain factors are specific for individual steps within osteophyte development. Members of the TGF-superfamily, like BMP-2 or -7, strongly initiate chondrogenesis while FGFs and IGF-1 predominantly promote chondrocyte proliferation 29 . Correspondingly, TGF-mRNA expression was found in superficial cells undergoing chondrogenesis while bFGF was distributed in all cell layers and IGF-1 was expressed by proliferating cells 28, 30 . The growth of osteophytes confirms that adult mesenchymal cells still possess the potential to differentiate into chondrocytes expressing all major cartilage matrix components similar to physiological articular chondrocytes. This suggests that (high quality) hyaline cartilage can derive from mesenchymal progenitor cells which dispose full cartilage forming and proliferating potency even in the adult. Therefore, it might not be necessary to harvest/isolate valuable articular chondrocytes to fill up cartilage defects as in autologous chondrocyte transplantation. The use of mesenchymal cells from periosteum or other easily accessible connective tissues might be a more practicable and successful method 31, 32 . Though in mature osteophytes hyaline cartilage predominates, the tissue in deeper layers typically undergoes hypertrophy and endochondral bone formation takes place. This reflects the general observations of phenotypical instability of non-primary (articular) chondrocytes. Similar to osteophytic tissue, also in autologous chondrocyte transplantations the formed cartilage is prone to calcify and to be replaced by bone 33 . In repair tissue following autologous chondrocyte transplantation, chondrocytes also easily reverse differentiation and repair tissue tends to turn into fibrocartilage 31 , a process reminding very much to chondrocyte dedifferentiation in vitro 12, 34 . So far, it is not known if these detrimental processes can be stopped, but osteophyte formation could be a good in vivo model to investigate the factors involved.
This study provides information on steps of chondrocyte differentiation in chondroneogenesis in the adult. All major cartilage components are expressed by the newly formed chondrocytes and show a distribution similar to articular cartilage. Further studies of osteophyte formation and behavior will add to our basic understanding of secondary cartilage formation as one therapeutic approach for cartilage defect repair.
